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During  the  list  few  years,  measurements  hare  been  mads  to  deter¬ 
mine  the  electrical  characteristics  and  the  predominant  mode  of  prop¬ 
agation  in  a  forest  environment.  This  work  waa  essential  because  of 
the  severe  attenuation  of  radio  c  ran  ml  cation  signals  which  occur  when 
operating  In  a  forest  medium.  Theoretical  investigations  have  ithoira 
that  for  distances  greater  than  1  ka  and  for  frequencies  between  2  and 
200  MHz  the  forest  can  be  represented  to  a  first  approximation  as  a 
conductive  slab  bounded  on  one  side  by  air  and  on  the  other  side  by  the 
earth.  Using  this  conductive  slab  as  a  model,  the  transmission  losses 
between  tw  elementary  dipoles  located  close  to  the  ground  in  a  forest 
were  calculated  for  beth  horizontal  and  vertical  polarization.  Those 
p&roaeters  which  would  affect  the  translation  losses  axe  examined  end 
then  ti**  sensitivity  of  the  respective  par— waters  is  evaluated  in  de¬ 
tail.  It  turns  cut  that  toe  change  in  Input  resistance  caused  by  the 
ground  proximity  produces  a  loss  which  may  be  considerably  larger  th^n 
the  other  losses.  Various  data  are  presented  which  show  the  theoretical 
transmission  lose*#  vs  frequency  for  different  parsaeters  which  Include 
the  height  of  the  antenna  above  ground,  the  height  of  the  forest,  and 
the  electrical  characteristics  of  the  ground  and  the  fores*. 
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The  present  report  Investigates  the  transmission  losses  en¬ 
countered  when  the  tnanmiltting  and/or  receiving  antennas  are  situated 
very  close  to  the  ground  in  a  forest.  To  the  authors'  knowledge,  no  eat- 
perlnental  data  are  available  which  yield  the  t ran miss ion  losses  under 
those  conditions*  The  present  theoretical  study  therefore  bad.  to  employ 
certain  assumptions  In  order  to  obtain  realistic  ons  whose 

Justification  and  llal tat Ions  are  stated  In  detail. 

During  the  last  few  years,  measurements  have  been  made  to  de¬ 
termine  the  electrical  characteristics  end  the  predominant  mode  of  prop¬ 
agation  In  a  vegetated  environment*.  Theoretical  investigations^ 
have  shown  that,  for  distances  greater  than  1  km  and  for  frequencies 
between  2  and  200  MHz,  the  forest  can  *  represented  to  a  first  approx¬ 
imation  as  a  conductive  slab  bounded  on  one  side  by  air  and  on  the  other 
aide  by  a  ground  plane,  as  shown  Jn  Fig.  1.  These  studies  have  shown 
that  the  predominant  mode  of  propagation  Is  a  lateral  wave.  This  wave 
aay  be  regarded  as  a  ray  generated  at  the  source  T  and  is  incident  upon 
the  forest- air  interface  at  the  critical  angle  of  reflection  In  geomet¬ 
rical  optics,  as  ehovn  at  point  A  In  Fig.  1.  The  wave  thereafter  is  re¬ 
fracted  into  the  air  region  and  proceeds  along  the  Interface  while  con¬ 
tinue -^ly  leaking  energy  back  into  the  forest  at  the  critical  angle  of 
reflection.  lienee  the  wave  reaches  the  receiver  R  along  the  ray  HR  and 
thus  the  total  traveled  path  for  the  lateral  wave  is  given  by  TABR  as 
shown  In  Fig.  1. 

♦Atlantic  Research  Corporation  and  Stanford  Research  Institute  have  been 
making  measurements  in  tropical  Jungles  of  Thailand.  The  reports  pub¬ 
lished  by  the  respective  companies  are  too  mmerous  to  reference  in  the 
Bibliography,  but  were  performed  under  contracts  DA  36-039  SC-90009  and 
DA  36-039  AHC-00040. 


BASIC  SLAB  MODEL  GEOMETRY 


The  transai salon  loss  L  for  antennas  situated  in  the  con- 

o 

ducting  slab  close  to  the  air  interface  (i.e.  the  distances  TA  and  HR 

are  negligible)  has  been  calculated  for  the  case  vhen  the  ground  plane 

(2) 

is  neglected.  As  the  antennas  are  lowered  into  the  dissipative  for¬ 
est,  an  additional  loss  designated  by  L  occurs  due  to  the  fact  that 

s 

the  lateral  wave  bas  to  travel  an  increased  distance  within  the  lossy 
forest  aediuB  (along  the  paths  TA  and  BR  in  Fig.  1).  As  the  antennas 
approach  the  ground,  further  vraaaedsaion  losses  will  occur  because  of 
the  increasing  influence  of  the  ground. 

Section  II  describes  the  additional  losses  in  conjunction 
with  the  electrical  and  physical  parameters  of  a  forest  envlronaent. 

The  alternative  loss  L  is  calculated  in  Section  III  for  typical  heights 

8 

and  for  various  electrical  parameters  of  a  forest.  *Rje  influence  of  the 
ground  on  the  electric  field  for  an  antenna  situated  close  to  the  ground 
forest  interface  and  the  range  of  validity  of  the  derived  equations  arc 
examined  in  Section  IV. 

In  Section  V,  the  change  in  radiation  resistance  for  antennas 
close  to  the  ground  la  calculated  showing  the  sensitivity  in  the  radia¬ 
tion  resistance  as  a  function  of  the  height  of  the  _ntenna  above  vari¬ 
orum  grounds.  Typical  calculations  of  the  total,  imnatdssion  losses 
are  shown  in  Section  VI  with  the  conclusions  being  presented  the 


final  section. 


II.  miBMISSIOH  LOSSES  AED1TIOHAL  TO  THE  INITIAL  LOSS  L 


When  the  transmitting  and  receiving  antennas  are  in  the  for¬ 
est  but  close  to  the  forest-a^r  interface,  the  electric  field  produced 

(2) 

by  an  sloeentary  current  element  II  is  closely  given  '  'by: 


.  "•Jkop 

g  *  60  II  e  ^ 

L  TT  *  T 

n  -1  P 


-Jk,  s 


where  E  refers  to  the  nsxisua  value  (at  a  dist&uce  p  )  of  the  field 

J-s 

component  whose  polarization  corresponds  to  that  of  the  transmitting 
The  other  quantities  are  defined  by: 


Longitudinal  separation  be¬ 
tween  transmitter  ard  receiver 
(as  shown  in  Pig.  1) 


n  =  /«  -Jfco  k 
V  1  1  o 


index  of  refraction  of  the 
forest 


«4>  /  < 

V  ° 


'  free  space  v»,ve  muaber 


*o  J  °2  -1 


forest  slab  wave  number 


2h  -z  -z 
o 


separation  Aisteoc* 


The  fomula  for  8^  disregards  the  presence  of  the  ground  and 

It  is  then  seen  that,  *or  small  *>,  the  t’-aneaisisioa  loss  depends  primarily 
-2 

on  the  0  geometrical  wave  spread.  For  s  *  C,  the  traaselsstoo  loss  is 


given  by: 


TOO  I  I  n*"  -1  !  Be  (n)  (  j 


2 

2 

vhere  Lq  *  (  —  )  L^.and  Lfeo  is  given  reference  2*.  Relation  2 
shows  that  the  transmission  loss  is  strongly  dependent  on  the  electri¬ 
cal  properties  of  the  forest  characterized  by  the  refractive  index  (n) 
and  also  by  the  wavelength  1  . 

A a  the  antenna  is  lowered,  the  lateral  wave  remains  the  pre¬ 
dominant  mode  but  is  affected  quantitatively.  A  further  loss  L#  occurs 
because  the  wave  traverses  through  additional  vegetation  to  reach  the 
forest-air  interface.  Since  this  vegetation  is  dissipative,  the  wave 
io  attenuated  when  traversing  through  the  vegetation,  as  shown  by  the 

factor  exp  (-Jk  a)  in  Eq.  (l). 

0 

Since  both  formulas  (l)  and  (2)  neglect  the  presence  of  the 
ground,  it  is  necessary  to  introduce  further  correction  factors  to  ensure 
that  all  known  t.'ansalssion  losses  are  considered.  A  first  correction 
factor  is  obtained  by  replacing  E^  of  Eq.  (l)  with  a  modified  expression 
vhich  accounts  for  the  presence  of  the  ground.  This  change  causes  an 
additional  transmission  loss  referred  to  as  L^.  A  second  correction 
factor  must  be  added  to  account  for  the  drastic  change  which  occurs 
in  the  antenna  input  resistance.  As  will  be  discussed  later,  it  turns 
out  that  this  effect  produces  a  loan,  denoted  by  Ly,  which  may  be 
considerably  larger  than  any  of  the  preceding  additional  losses. 


•Tut  factor  (  ^  ) 
which  occurs  In  L 


is  accounted  for  by  the  gain  G  of  the  two  dipolee 
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In  view  of  all  of  the  losses  enumerated  above,  the  total 
transmission  loss  can  be  expressed  as  (See  also  Appendix) 

Hot  •  ID  lo,  !i  =  L0  .  4  *  L,  .  Lr  (3) 

r 

idiera  and  refer  to  the  transmitted  and  received  powers,  respec¬ 
tively.  Before  discussing  the  quantitative  aspects  of  the  total  trans¬ 
mission  loss,  it  is  advantageous  to  consider  the  electrical  properties 
associated  vlth  a  vegetated  environment. 

Recent  measurements  of  the  refractive  index  of  the  vegetation 
indicate  that  the  relative  permittivity  varies  from  1.01  to  1. 5  and  ite 
conductivity  ranges  from  a  low  of  10 mho/mster  to  a  high  of  10*^  a ho/ 
meter.  ^  When  one  examines  the  profile  of  a  tropical  forest,  ^  it 
appears  that  tbs  effective  or  median  height  of  the  trees  varies  from  5 
asters  to  20  asters  vlth  isolated  trees  extending  upward*  to  40  asters. 
The  ground  constants  in  a  tropical  forest  environment  ^  are  such  that 
the  conductivity  varies  from  5  *  10  to. 5  aho/mstex,  whereas  the  re¬ 

lative  permittivity  varies  fro*  5  to  50. 

Due  to  the  vide  latitude  of  the  various  parmsaters  asmtionsd 
above,  It  is  impractical  to  obtain  curves  for  all  possible  caabinations 
of  these  constants.  For  the  purpose  of  illustration,  three  cases  were 
therefore  chosen  which  are  expected  to  typify  often-encountered  a4  t?,»- 
ticms  and  are  susmariied  in  the  following  chart. 
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"THE!" 


“AVERAGE" 


"DRUSE' 


Tree  Height  h  (meters) 


Forest: 


Ground: 


<?  (nnho/m) 


a  (nnho/m) 


The  smaller  values  in  the  table  correspond  to  the  case  of  a 
thinly  vegetated  area  comprised  of  short  trees  over  poorly  conducting 
soil.  The  larger  values  correspond  to  thickly  vegetated  areas  vlth 
tall  trees  over  well- conducting  earth.  The  medium  values  relate  to  an 
average  situation;  this  case  actually  uses  values  representative  of 
regions  of  Thailand  vhere  extensive  measurements  were  conducted. 

The  three  cases  above  are  considered  over  the  frequency  range  from  2  - 
200  MHz  and  the  transmission  losses  are  calculated  for  the  antennas 


located  at  various  heights  above  ground. 

III.  EVALUATION  0?  THE  INITIAL  LOSS  L  AND  THE  HEIGHT  LOSS  L 

o  s 

Since  the  ground  effect  does  not  manifest  Itself  in  the  terms 
L0  and  Lg,  these  quantities  may  be  found  quite  readily  from  existing 
formulas.  The  former  quantity  is  found  directly  from  Eq.  (2)  and  the 
result  is  plotted  for  1  km  as  shown  in  Fig.  2.  Examination  of  Fig.  2 
reveal b  that  the  mailer  values  of  LQ  occur  when  and  0^  are  smaller 
and  the  larger  value  of  LQ  occurs  when  and  are  larger.  It  is 
worth  mentioning  that,  for  the  "average"  forest  case,  namely  *  1.1 
and  O  =  .1  (jEhho/n),  LQ  lies  close  to  halfway  between  the  other  cases. 
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140 


THE  FOREST-AIR  INTERF 


It  waa  previously  stated  that,  as  the  antennas  arc  lowered 
away  from  the  forest-air  interfere,  an  additional  loss  will  occur 
due  to  the  wave  haring  to  travel  •  greeter  distance  in  the  dissipative 
ae-dium. 

Referring  to  Eq.  (1),  it  is  clear  that 

*(•)  -jk  • 

- - =  •  (*) 

V0) 

where  the  dependence  of  E  on  the  parameter  &  is  shown  explicitly  It 

L 

therefore  follows  that  the  loss  incurred  due  to  lowering  the  afttoua** 
to  a  combined  depth  s  below  the  tree  tops  is  /^iven  by: 


L  ■  20  log 

s 


*<•) 

TR 


where 


(dB)  (5) 


®  =  8.686 

L 


(6) 


Since  a  is  dependent  on  permittivity,  conductivity  and  fr«~ 

L 

quency,  it  is  important  to  know  the  possible  variation  of  o  ,  Its  funs- 

L 

tional  dependence  is  shown  in  Fig.  3  for  the  three  representative  cases, 

Sanaa! nation  of  Fig.  3  reveals  that,  shove  20  KHz,  or  is  Independent  of 

L 

frequency  but  is  still  highly  dependent  on  th*  electrical  parameters 

the  forest.  It  should  be  noted  that  both  *  and  0  are  considered  to  be 

1  1 


invariant  with  frequency  in  the  present  sujalysis.  Because  ’the  antenna* 
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FIG.  3  ATTENUATION  •  VS.  FREQUENCY  FOR  VARIOUS  ELECTRICAL  PARAMETERS  OFTHE 
FOREST.  THE  ATTENUATION  »  L  IS  MEASURED  IN  dB  PER  METLR  OF  VEGETATION 
ABOVE  THE  ANTENNAS. 


are  located  near  the  ground,  s  in  Eq.  (5)  can  be  replaced  by  2h  and 

therefore  L  is 
8 

L  ;  2  or  h  .  (7) 

8  L 

This  loss  is  shown  in  Fig.  4  and,  as  expected,  the  additional 

exponential  loss  L  has  the  sane  behavior  as  a  . 

a  L 

IV.  EVALUATION  OF  THE  WAVE-IHTEKFEKEHCK  LOBS  L 
_ i 

At  discussed  before,  Eq.  (l)  does  account  for  the  attenuation 

L  produced  by  lowering  the  antennas  down  from  the  tree  tops.  However, 

0 

it  does  not  acceunt  for  the  modification  of  the  field  due  to  the  presence 

of  the  ground  plane.  Essentially,  this  means  that  Eq.  (l)  assumes  that 

the  received  field  is  produced  by  the  single  wave  path  TABR  of  Fig.  1, 

which  is  true  only  if  reflections  from  the  ground  plane  are  neglected. 

To  improve  the  above  result,  it  is  necessary  to  allow  for 

the  presence  of  all  the  additional  lateral  wave  paths  which  may  occur 

by  reflection  at  the  angle  of  critical  incidence  within  the  slab. 

(10) 

This  aspect  has  been  previously  analysed,  and  the  various  addition¬ 
al  paths  are  shown  in  Fig.  5»  To  emphasize  the  significance  of  Fig.  5* 
it  is  recalled  that,  when  both  antennae  are  close  to  the  forest-air 
Interface,  the  lengths  TA  and  EE  are  much  mailer  than  all  of  the  other 
paths  (such  as  T  c  d,  v  w  R,  etc.).  Hence,  the  additional  reflected 
vaves  undergo  large  attenuation  as  they  travel  within  the  lossy  slab 
am!,  they  nay  be  neglected  when  compared  to  the  primary  ray  along  TABR. 
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TRANSMISSION  LOSS  L$  VS.  FREQUENCY  FOR  VARIOUS  FOREST  TYPES.  THE  LOSS  L 
I S  DUE  TO  THE  PRESENCE  OF  VEGETAT  ION  ABOVE  THE  ANTENNAS. 
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FIG.  5  LATERAL  RAY  COMPLEX  DUE  TO  THE  PRESENCE  OF  THE  GROUND  PUNE. 


ij 


Howmr,  vhao.  ths  arttennas  arts  close  to  the  ground,  the  paths  fk  and 
St  are  closely  equal  to  T  c  d  and  v  w  R  and  therefore  one  must  at  least 
account  for  the  latter  pair  of  ware  paths.  It  in  evident  that  the  addi¬ 
tional  reflected  seres  produce  an  interference  which  say  be  either  can- 
•true tire  or  destructive  and  thus  say  decrease  or  enhance  the  value  of 
the  actual  field  as  compared  to  of  Bq.  (l). 

n\ 

The  presence  of  the  additional  save  paths  aay  be  expressed^ 
in  the  fora  of  correction  factors  f  (s),  such  that 


h  ’  '<=>  **»>\ 

3 

\&mT*  r&fenc  to  tba  corrected  field,  and 


(fl) 


F(*)  a 


i  +  r* 


-2Jh#x 


(9) 


i  *’  r 


-2jk  h 
a 


whirr*  ?(*  )  is  obtained  by  replacing  t  in  F(s)  by  s  .  T  is  ifiaciiop 
o  o 

coefficient  vfrieh,  In  the  case  of  vertical  and  horizontal  polarisations,, 
can  b©  expressed  as 


a  Jn  -1 


2  /  2 
n  Vi  -I 


H2  ./a*  -1  +  n  j7~  - 


V 


/n  -1 


A2  j 


Vertical  Polari  se  Mon 

(10) 

Qori  nuitaJL  Polarization 


/  2  ’  '  '2 
7  a  -1  +  -  / 15  -1 
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la  order  to  understand  the  Limitation*  of  the  lateral  were 
field  given  by  Kq.  (8s,  it  is  accessary  to  knew  the  underlying  approxi¬ 
mations  used  in  its  derivation.  After  the  electric  field  ha*  been  «s- 
pressed  in  terns  of  an  integral,  the  integrand  is  then  expanded  in  a 
power  aeries  whose  radius  of  convergence  is  dependent  on  the  numerical 
distance  defined  below.  As  long  as  the  pertinent  values  in  the  inte¬ 
grand  are  located  near  to*  center  of  the  circle  of  convergence,  the  re¬ 
sulting  lateral  f  sld  can  ue  obtained  by  omitting  certain  terms  in  the 
series  expansion,  lb  ensure  that  Eq.  (8)  represents  a  valid  approxi¬ 
mation  to  this  integral,  it  is  essential  that  the  following  Inequality 
be  satisfied'®^ 


kP 

— —*r~  »  1  •  (H) 

2|  l| 


The  numerical  distance  V  will  dictate  the  lower  limit  on  the  minimum 


allowable  distance  P  .  between  the  transmitter  and  receiver.  The 

min 

k  P  , 
o  min 

curves  displayed  in  Fig.  6  give  values  where  — ~~x  -  1  for  various 

2jB| 


ground  constants.  One  must  bear  in  mind  that,  because  various  tr**,s- 


miaslon  losses  are  calculated  for  a  wide  frequency  range  and  a  large 


range  of  ground  constants,  the  alnimva  n&n^c  where  these  equations 


8110  valid  is  quite  sensitive  to  the  ground  parameters. 

lisa  additional  loss  L  due  to  the  modification  of  the  field 
to  account  for  the  presence  of  whe  & round  is  given  by: 

f 

.  3 

L  =  -20  log  !  —I  "  ~h0  log  !  F(  z  ) !  (12) 

1  «» 


'/WIT?  %  ~  l 

o 


was  assumed. 
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The  quantity  Tor  antennas  situated  above  but  close  to  the 
forest-ground  interface  is  plotted  in  Fig.  7  (vertical  polarization)  and 
Fig.  8  (horizontal  polarization).  For  vertical  polarization  (for  the 
"average"  and  "dense"  forests),  actually  represents  a  gain  rather  than 
a  loss  shoving  that  the  field  interference  is  constructive.  For  the 
chosen  forest  and  ground  parameters,  the  electric  field  changes  very 
slovly  as  a  function  of  the  effective  height  of  the  antenna  above  ground. 
Although  the  difference  in  the  electric  field  for  various  heights  (for 
the  "thin"  and  "average"  forests)  is  not  plotted  in  Fig.  7>  numerical 
computation  reveals  that  the  difference  in  the  electric  field  for  anten¬ 
nas  situated  .05  m  and  .2  m  above  ground  is  of  the  order  of  .5  db. 
Furthermore,  the  shift  In  the  nulls  and  peaks  as  a  result  of  changing 
the  height  of  the  antennas  above  ground  is  very  nail  (i.e.  less  than 
1  MHz).  For  horizontal  polarization,  L.  actually  represents  a  sub¬ 
stantial  loss  indicating  destructive  field  interference  due  to  the 
presence  of  the  ground.  This  can  be  explained  by  noting  that  the  tan¬ 
gential  electric  field  close  to  a  perfectly  conducting  half  space  should 
be  small  (the  tangential  field  on  the  boundary  vould  of  course  be  zero). 

In  our  particular  case  the  earth  is  not  a  perfect  conductor,  but  one  still 
expects  a  substantial  decrease  in  the  electric  field. 

The  oscillatory  behavior  of  the  curves  in  Figs.  7  and  8  is 
also  canned  by  the  very  low  impedance  of  the  ground  plane  vhicb  thus 
effectively  acts  as  a  shorting  circuit.  When  the  antenna  is  placed  at 
a  distance  of  about  X  /h  avay  from  the  ground,  the  effect  of  the  short- 
circuit  action  is  least,  as  expected  freu  an  analogy  vlth  a  transmission 
line  shorted  at  ooe  end.  In  that  case,  the  electric  field  at  the  antenna 
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la  at  a  maxlmua.  Similarly,  the  alactrlc  field  goes  through  *  minimus 
aban  the  antenna  is  ^  /2  away  from  the  ground  and  the  short-circuit  ac¬ 
tion  is  greatest.  This  general  behavior  is  veil  known  and  an  stampl s 
from  the  literature  ^  is  shovn  in  fig.  9  to  illustrate  this  effect. 

In  the  caae  discussed  in  this  report,  the  autennaa  are  fixed  but  the 
frequency  varies  so  that  the  distances  i  and  zQ  vary  through  values  of 
*  A*  /  2 . . .  and  thus  lead  to  the  oscillatory  behavior  which  Is  evident 
in  figs.  7  and  8. 

v.  muirnc*  or  tbx  afedou  ikpot  heistaki  lobs  l 

_  r 

Ifce  uxact  loas  Lr  due  to  the  change  in  the  antenna  input  re¬ 
sistance  is  given  by  (see  Appendix) 

R<»)  R(*J 

S-  =  10  l0*  5T  '  if-  <13> 

where  i)  is  the  input  resistance  for  an  antenna  In  the  fore*  at  a 
height  s  above  ground,  while  is  the  input  resistance  for  an  antenna 
located  in  an  infinite  forest  sodium. 

for  the  purposes  of  this  report,  it  was  assumed  umt  the 
loading  of  the  antenna  was  due  primarily  to  the  ground  effect,  Bence 
the  change  i_n  input  resistance  due  to  the  antenna  being  surrounded  by 
vegetation  rather  than  by  air  could  be  neglected.  "Sse  validity  of  this 
assmsptioa  is  justified  since  the  lodes  of  refraction  of  the  forest  is 
close  to  unity,  and  furthermore,  the  index  of  refraction  of  the  pjum 
is  much  greater  than  the  index  of  refraction  of  the  forest.  Steaeurements 
to  date  Indicate  that  the  vegetation  doe#  not  affect  the  input  resistance 

to  a  great  degree*  except  by  slightly  changing  the  effective  wavelength, 

*  Private  communication  by  3.E.  3agn  ,  Stanford  Research  Institute,  *j*aio 
Par*.,  Calif. 

'  i — , 
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FIG.  9  REFLECTION  COEFFICIENT  OF  A  PLANE  SHEET  OF  WATER  OF  THICKNESS  dcm., 

*  -  9.35  cm.,  »2*5.95  cm."1,  y. 456  cm."1  (FIG.  98,  ELECTROMAGNETIC  THEORY 
BY  J.  A.  STRATTON). 


Subject  to  the  above  assumption,  the  ratio  R(z)/Rf  corresponds 

to  that  of  a  dipole  1  existed  iu  air  above  a  conducting  half-space.  This 

/  /  _  • 

ratio  hsus  been  calculated  by  Vogler  and  Noble  *  *  and  the  loss  may 
then  be  found,  with  z  ~  zQ,  from 

R(zo) 

L  :  20  log  -  U1*) 

r  Rf 

so  that  L  v-iii  be  twice  the  amount  obtained  from  the  appropriate  curves 
r 

which  are  given  in  reference  6. 

The  loos  due  to  the  change  In  Input  reclstance  caused  by 

the  ground  proximity  was  plotted  for  varlcus  ground  parameters  and  for 

z 

various  heights  above  the  earth.  For  values  ~  >  .1,  the  loss  Lj.  Is 

o 

quite  email.  If  one  assimes  the  antennas  to  be  at  a  fixed  height  zq 
•hove  ground,  then  one  observes  from  Fign.  10  and  11  that  L^.  decreases 
with  Increasing  frequency.  For  high  frequencies  (i.e.  f >  5^'  MHz  for 
the  particular  heights  in  the  plot),  it  appears  that  is  Independent 
of  the  ground  parameters.  However,  as  the  freq'jency  decreases  below 
50  MHz,  the  ground  constants  affect  Lj.  to  *.'■  large  artent.  In  fact,  for 
frequencies  less  than  10  MHz,  one  night  expect  a  30  dB  variation  in  Lf 
depending  upon  the  ground  constant.  Since  Is  highly  sensitive  to  the 
effective  height  of  the  antenna  above  th«s  ground,  this  affords  a  degree 
of  freedom  that  the  design  engineer  can  adjust  such  that  Lr  will  be  small. 
71.  TOTAL  TRAH3MIS3I0CT  1063 

While  an  examination  of  the  constituent  losses  that  comprise 

the  total  tranmal salon  loss  can  reveal  the  sensitivity  >r  the  various 

parameters,  the  total  tran®l86lon  loss  Is  of  valu:;  in  ix-xt  It  vil.t 
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FIG.  11  TRANSMISSION  LOSS  Lf  VS.  FREQUENCY  FOR  HORIZONTAL  POLARIZATION.  THE  LOSS  L 

IS  CAUSED  BY  THE  ANTENNA  INPUT  RESISTANCE  CHANGE  PRODUCED  BY  THE  GROUND 
PROXIMITY. 


ultimately  determine  the  power  requirements  for  a  given  system.  Ike 
total  transmission  loss  will  also  be  of  value  in  determining  the  opti¬ 
cian  operating  frequency  band  as  a  function  of  polarization,  the  forest 
and  ground  parameters,  and  the  antenna  height  above  ground. 

One  of  the  first  steps  in  calculating  L.  .is  to  determine 

tot 

the  minimum  range  p  nin,  explicit  in  Eq.  (11)  for  which  the  lateral  field 
given  by  Eq.  (8)  is  valid.  Since  LQ  io  plotted  in  Fig.  2  for  P  =  1  km, 
it  may  be  necessary  to  adjust  LQ  for  other  distances.  Once  this  has  been 
accomplished,  the  additional  losses  may  then  be  added  to  LQ  employing 
Fq.  3* 

A  typical  example  of  L  is  shown  in  Fig.  12  wlxiclx  reveals 

tot 

several  interesting  features.  For  the  case  shown,  vertical  polarization 

is  preferred  over  horizontal  polarization,  with  the  difference  in  L^. 

decreasing  with  increasing  frequency.  There  seems  to  occur  a  frequency 

bazd,  roughly  between  20  and  50  MHz,  where  1^^  ia  a  minlan*.  In  the 

higher  frequency  range,  there  occur  many  local  minima  and  maTlnm  due  to 

the  oscillations  of  the  lateral  field.  The  oscillations  of  L.  for 

tot 

vertical  polarization  are  of  the  order  of  1.5  dB  and  therefore  were  not 
included.  For  convenience,  the  pertinent  curve  in  Fig.  12  was  drawn 
through  the  median  of  these  oscillations. 

VII.  COHCUJEIOFE 

The  characteristic  example  shown  in  Fig.  12  reveals  two 
interesting  features  which  distinguish  between  propagation  with  antennas 
close  to  the  ground  and  that  with  antennas  close  to  the  tree  tops.  The 
latter  situation  ia  the  one  shown  in  Fig.  2  which  should  be  contrasted 
with  Fig.  12.  It  is  then  observed  that,  whereas  Lq  increases  strongly 
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FIG.  12  TOTAL  TRANSMISSION  LOSSES  VS.  FREQUENCY  AT  A  DISTANCE  » *  10  km  FOR  A 
REPRESENTATIVE  FOREST. 


with  increasing  frequency,  L  f\v  th>  ease  o'  the  ground* baaed  azrtessaa 

oo  t 

in  Fig.  12  does  not  always  increase  with  increasing  frequency.  Crai&#- 
quernt!}-  the  preference  for  lower  frequencies  vouM  not  be  justifiable  for 
the  ground- nse^d  actemse#. 

»  second  feature  which  involves  the  preferable  pelwrizatior 

is  not  evident  f_  j  Fig.  2  siace  those  reeultj  do  not  iaguish  between 

the  two  (vertical  and  horizontal)  cases.  Howrvsr,  at  the  frequencies  coa- 

(k) 

sidsred  hers,  the  experiaeniai  ‘suits  ‘  show  that  lower  losses  L.  . 

zox 

jccixr  for  high  antennas  which  are  horizontally  (mt fee',  than  vertioully) 
polarised.  On  the  other  hand,  Fig.  12  shows  that  reriical  polar! mteLon 
”-eid*5  lever  losses  for  ground-baaed  anter"jst* ;  this  is  not  surprising  la 
view  of  the  strong  effect  of  the  ground  plane  on  feorisaotal  antennas, 
which  ire  effectively  s&srtei  out  by  tb^  conducting  properties  of  tbs 
earth. 

Although  the  exragie  of  Fig,  12  4o*s  not  includ  j  *11  of  the 
possible  forest  type#,  it  is  believed  that  the  ibovr  character tatica  mm 
also  preserved,  to  a  ssaller  or  greater  oegree,  sl~G  in  the  “thin"  and 
dense"  forests,  fhe  exact  sums  for  each  irtlividuai  esse  &,v  sarily 
obtained  by  foiling  the  ease  pioeedure  which  yielded  .Fig.  12,  as 
outlined  above.  It  should  neverth*!?®®  be  ;'«e@®bcr*d  that  'the  present 
calculatiqne  du  not  account  for  any  possible  aaisotiopy  of  the  forest 
Eftiiim  which  could  wod.ii/  ihJ  ®  result. 


APP1HDIX 


The  Individual  losses  L  .  L. ,  L  nod  L  discussed  herein  were 

o'  i7  s  r 

assumed  to  be  independent  and  therefore  led  to  a  toW  +  'jcssission  loss 
vhlch  was  obtained  in  Bq.  (3)  by  a  simple  superposition.  This  fol¬ 
lows  fron  the  definition  of  each  loss  sod  the  validity  of  Sq.-  (3)  is 
shown  below.  The  transmitted  power  is  given  by: 

2 

Pt  ■  1 1|  R(*0)  ,  (AX) 


where  I  is  the  current  of  the  transmitting  dipole  and  R(z  )  is  its  input 

o 

resistance  whose  dependence  c„  the  height  zq  is  sh^wn  explicitly.  The 
ttaxisnan  received  power  is  obtained  from: 


P 


*L(s)  ! 


hP(z) 


(A2) 


where  1  is  the  length  of  the  receiving  dipole  and  R(z)  is  its  input  re¬ 


sistance.  The  fi«id  ^  (s)  at  this  dipole  is  expressed  in  term*  of 
s  *  2h  “Z.  -z  to  br^ng  the  s  dependence  in  evidence.  The  total  trans¬ 
mission  loss  i 4  therefor®  given  by: 
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l  z  io  log  i  — -r™ 

tot  l  K^(s) 


R(z)  R(zo)  , 


:a3) 


which  my  be  written  in  the  form: 


2IR  *,(°)  K(s)  R(z)  R<*  ) 

,  f  ,  .  L  L  _ £_ 

tot  Ji*  ( oj  gT{s)  2'fs)  R 

lx  h  it  Ii 


(A4) 


where  B^(s)  is  ''.he  received  la-  si  wave  field  iu  a  eaoi -infinite 


forest  (h  — >  “  );  hence  E  (o)  is  that  field  in  the  particular  case  where 

L 

both  antennas  are  at  the  forest-air  interface.  The  quantity  R^  is  the 
input  resistance  of  a  dipole  embedded  in  an  unbounded  forest  medium. 

An  inspection  of  Eq.  (a4)  reveals  that  the  first  squared  term  corres¬ 
ponds  to  the  transmission  loss 


2JR 

L  a  20  log  !  - f-  !  ,  (A5) 

°  lEjo) 


already  evaluated  in  reference  2  (except  for  a  constant  multiplier  which 
accounts  for  the  antenna  gains) .  The  other  terms  relate  to  the  additional 
losses: 


E  (o) 

L  =  20  log  I  — - | 

8  M»)  - 

*4 


(A6) 


EJb) 

L  =  20  log  |  - 1  ,  (A7) 

1  E’(s) 

Is 


R(z)  R(z  ) 

L  =  10  log  |  - °J  .  (a8) 

r  ? 


It  therefore  follows  that  the  above  relations  imply  the  addition  of 

the  various  losses  (expressed  in  decibels)  for  obtaining  the  total  less 

L  ,  as  expressed  in  Eq.  (3)» 
tot 
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During  the  last  few  years,  measurements  have  been  made  to  determine  the 
electrical  characteristics  and  the  predominant  mode  of  propagation  in  a  forest 
environment.  This  work  was  essential  because  of  the  severe  attenuation  of 
radio  cotnaunlcation  signals  vhich  occur  when  operating  in  a  forest  medium. 
Theoretical  Investigations  have  shown  that  for  distances  greater  than  1  km 
and  for  frequencies  between  2  and  200  MHz  the  forest  can  be  represented  to  a 
first  approximation  as  a  conductive  slab  bounded  on  one  side  by  air  and  on 
the  other  side  by  the  earth.  Using  this  conductive  slab  as  a  model,  the 
tranmlsslon  losses  between  two  elementary  dipoles  located  close  to  the 
ground  in  &  forest  were  calculated  for  both  horizontal  and  vertical  polariza¬ 
tion.  Those  parameters  which  would  affect  the  transmission  losses  are  ex¬ 
amined  and  then  the  sensitivity  of  the  respective  parameters  Is  evaluated  In 
detail.  It  turns  out  that  the  change  in  input  "esistonce  caused  by  the 
ground  proximity  produces  a  loss  which  may  be  considerably  larger  than  the 
other  losses.  Various  data  are  presented  which  show  the  theoretical  rans- 
mlasion  losses  vs  frequency  for  different  parameters  which  include  the  height 
of  the  antenna  above  ground,  the  height  of  the  forest,  and  the  electrical 
characteristics  of  the  ground  and  the  forest. 
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